ABSTRACT: Metabolic costs of pursuit and attack for early larval Atlantic cod (Gadus morhua) feeding on 2 different prey types, a protozoan (Balanion sp.) and a copepod nauplius (Pseudodiaptomis sp.) were estimated from 5 to 20 d post-hatch. Parameters describing feeding patterns were determined from 3-dimensional observations using 2 orthogonal cameras. Feeding parameters were calculated using a digital image-analysis system for larvae in 3 size classes, and included pursuit duration, distance and speed for both burst and glide components, and attack duration, distance and speed. Metabolic rates were estimated for each component of pursuit and attack from the relationship between specific metabolic rate and swimming speed from previous respirometry studies on cod larvae. Estimated specific metabolic rates were used in a new model to determine specific and total energy expenditures, which incorporated each of the components of pursuit and attack. Values of total energy expenditure were used in a model to determine relative net energy gain during pursuit and attack of a larva on a protozoan and a copepod nauplius in 3 larval size classes. In Size Class 1 (5 to 6 mm total length, TL) first-feeding larval cod were small and poorly developed, had long pursuit and attack times and distances, and slow swimming speeds. In Size Classes 2 (6 to 7 mm TL) and 3 (7 to 8 mm TL) larger larvae were better developed, had shorter pursuit and attack times and distances, and faster swimming speeds. Specific metabolic rates during pursuit of a protozoan increased with increasing larval size, while specific energy expenditure decreased due to shorter pursuit times. Results from net energy gain equations showed that a cod larva gained 3 orders of magnitude more energy from consumption of a nauplius than a protozoan even though its energy expenditure during pursuit of a nauplius was 2 to 3 times that during pursuit of a protozoan. 
INTRODUCTION
Most larval fishes are active planktonic predators that feed on motile prey. Almost all of the larval fish diet consists of a combination of prey types that range from ciliates to copepod nauplii which swim at different speeds and using different patterns. For example, small ciliated protozoans swim slowly in predictable patterns whereas nauplii swim with rapid unpredictable jumps (Buskey et al. 1993) . Since all larval fishes are active predators, swimming activity is the most important factor influencing energy expenditure, turnover and energy budgets (Ware 1975 , Brett & Groves 1979 .
Shifts in larval fish diet have been documented in marine and freshwater species and are related to larval characteristics including morphology, metabolic constraints and swimming speed (Vlymen 1974 , Hunter 1981 , Kiørboe & Visser 1999 , and prey characteristics including size, morphology, abundance and vulnerability to predators (Buskey et al. 1993 , Viitasalo et al. 1998 ). Studies of larval fish feeding-behavior (Browman & O'Brien 1992a ,b, Coughlin et al. 1992 , Hunt von Herbing & Gallager 2000 found that the frequency of prey capture increased with larval size because larger larvae swam faster and could capture a greater range of prey types and sizes. In addition, larger larvae could control their approach during pursuit, decelerating as they neared the prey and decreasing the probability of detection of the predator by the prey (Viitasalo et al. 1998 , Kiørboe & Visser 1999 . In addition, increases in frequency of prey capture of larger prey were related to increases in the net rate of energy gain per unit time and served to meet size-related metabolic demands (O'Brien et al. 1989) . Maximizing the net rate of energy gain through minimizing energy expenditure by selection of the most energetically profitable prey type would be likely to result in higher larval growth rates and decreased mortality, yet few studies have determined the energy expenditure and net energy gain of larval fishes feeding on different prey types. Estimates of the energy expenditures and energy gains associated with feeding are particularly important if we are to understand the ecology of a life stage for which growth and mortality rates are the highest in its life history. Such estimates will provide useful information for future studies on the energy budgets of larval fishes both in the field and in culture.
Recent laboratory and field studies in Atlantic cod (Gadus morhua) larvae found a shift in diet from a small protozoan (Balanion sp.) to a larger copepod nauplius (Pseudodiaptomus sp.) (Gallager et al. 1996 , Hunt von Herbing & Gallager 2000 . In these studies, first-feeding larval Atlantic cod were able to feed on protozoans and could capture copepod nauplii at 8 to 9 d post-hatching. Older larvae (>10 d post-hatching) fed on a greater range of prey types and sizes that included both nauplii and protozoans (Gallager et al. 1996 , Hunt von Herbing & Gallager 2000 . Protozoans are small (30 to 50 µm), and swim in predictable patterns (Buskey et al. 1993) , and contain low total amounts of energy (Finlay & Uhlig 1981 , Putt & Stoecker 1989 , whereas copepod nauplii are larger (80 to 250 µm), swim faster, and provide an order of magnitude more energy than protozoans (Lasker 1962 , Houde & Schekter 1983 . Hunt von Herbing & Gallager (2000) found that first-feeding larval cod readily perceived and captured protozoans, but seemed less able to capture copepod nauplii because naupliar escape speeds were faster than larval maximal swimming speeds. In addition, early larval cod lack fine control over their swimming speeds and may be easily detectable to copepods, which have specialized antennae for detecting vibrations in the water column (Strickler & Bal 1973 , Strickler 1975 . In this study, we estimated size-related changes in energy expenditure and net energy gain of larvae fed on 2 different planktonic prey, a protozoan and a copepod nauplius.
MATERIALS AND METHODS
Rearing cod larvae and prey. Fertilized Atlantic cod (Gadus morhua) eggs were obtained between December 1991 and July 1992 and between January and March 1994, from a Scotian Shelf population of fish located at the experimental aquaculture facility at Canadian Department of Fisheries and Oceans St. Andrews Biological Station, St. Andrews, New Brunswick, Canada. Fertilized eggs were transported in insulated coolers (at 2°C) to culture facilities at the Environmental Systems Laboratory at Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, USA, and to the Aquatron facilities at Dalhousie University, Halifax, Nova Scotia, Canada, where they were acclimated over a period of hours to 8.0 ± 1°C. Eggs were incubated at 8.0 ± 1°C in 20 l black plastic incubation tanks held in a constant temperature room. Ten to 12 d after fertilization (hatching occurred over a 3 d period), larvae were moved to 100 l static black rearing tanks where they were kept until the end of the experiments and could be fed liberally with cultured prey items to ensure good survival. Water was partially replaced every 3 d with 1 µm-filtered sea water and the prey were kept in suspension by gently bubbling air through the tanks. Larvae were fed to satiation at least 2 to 3 times per day, and they fed well in the rearing tanks. All larvae used in the experiments appeared in good condition prior to transfer to the observation tanks.
For feeding studies, prey items consisted of protozoans (Balanion sp., 30 to 50 µm) and copepod nauplii (Pseudodiaptomus sp., ~100 µm) which were cultured in high densities in the laboratory using the techniques of Stoecker et al. (1981) . Protozoans and copepod nauplii were fed to larval fish in the rearing tanks throughout the experimental period. In addition, rotifers and wild zooplankton, sieved to appropriate sizes, were fed to the larvae throughout the experimental period. Prey density (as determined from counts of ten 1 ml aliquots) was kept high (> 20 prey ml -1 ) to ensure good feeding conditions for all larvae. High combined concentrations (5 × 10 4 cells ml -1
) of algae (Isochrysis sp. and Heterocapsa triquetra) were added daily to each tank.
Feeding behavior -experimental design. Larval cod swimming duration, distance and speed during pursuit were estimated from 89 (61 successful and 28 unsuccessful) events of cod larvae feeding on protozoans and 20 (10 successful and 10 unsuccessful) events of cod larvae feeding on copepod nauplii. Sequences of pursuit and attack of cod larvae on protozoans and copepod nauplii were recorded from 5 d (first-feeding) to 20 d post-hatch. Observations took place daily until the larvae were 10 d post-hatch and then every second day to 20 d post-hatch. Three different feeding treatments were used: (1) algae (used as a control for behavior, to determine if motile prey elicited predation); (2) protozoans, Balanion sp.; (3) mixed protozoans, Balanion sp., and copepod nauplii Pseudodiaptomus sp. Prey densities were 15 to 30 cells ml -1 for protozoans and 1 nauplius ml -1 for copepod nauplii; these densities were selected because they were the same as those used in parallel studies (Hunt von Herbing & Gallager 2000) . Video-recording of foraging sequences were performed in three 10 l glass aquaria (observation tanks) placed in a constant temperature water bath at 8.0 ± 1°C. All sequences involving Balanion sp. prey capture events were from the 'protozoans only' treatment (Treatment 2, above).
On the evening before each experiment, 50 to 60 cod larvae were removed from the 100 l rearing tanks and transferred to observation tanks. Each observation tank was covered with black plastic to exclude light, and the larvae were allowed to acclimate in the dark without food for 12 h until the following morning. Prior to filming, prey and about 1 l of seawater were added to the observation tanks to produce homogenous distributions of prey. Estimates of local prey densities in each observation tank were determined by counting the number of prey in focus from video-recordings. Larval feeding and swimming behavior was recorded for 1 h between 09:00 and 12:00 h. After each experiment a subsample of 20 larvae was removed from each treatment to estimate total length. The effects of growth on prey selection by larval cod were examined by separating the larval cod into 3 size classes: Size Class 1 = 5 to 6 mm (5 to 10 d post-hatch), Size Class 2 = 6 to 7 mm (10 to 15 d post-hatch) and Size Class 3 = 7 to 8 mm (15 to 20 d post-hatch).
The video-recording apparatus consisted of 2 orthogonal video cameras, providing views from the side (lateral) and from above (vertical) the filming vessel. The 5 l observation tanks were illuminated laterally by a 40 W quartz halogen projector placed 10 cm from the tank. Neutral-density filters were used to regulate the intensity of light, which was approximately 10.0 ± 1.0 µE m -2 . This optical pathway resulted in dark-field images permitting resolution of objects as small as 30 to 50 µm in the water column. The video-recording equipment included 2 Pulnix TM-7m video cameras with 100 mm macro-zoom lenses set at different magnifications. The vertical camera had a magnification that was 1.5 × that of the horizontal camera. The differences in magnifications was taken into consideration when calibrating the view-field differences in magnification allowed for closer views of feeding events in the lateral plane and wider views in the vertical plane. The fields of view were calibrated by inserting a ruler into each tank prior to each experiment to determine length, width and depth of volume of view. The total volume for observation was 15 cm 3 (3 × 5 × 1 cm). The cameras were connected to a Panasonic NV-8500 VCR, and a Sony Trinitron 13 inch (ca 33 cm) video monitor. Signals from both video cameras were passed through a frame-splitter to the VCR, resulting in 2 images, lateral (X,Z) and vertical (X,Y), produced simultaneously on one monitor screen. All foraging sequences were visible in 3-dimensions, and only sequences in focus were analyzed. The field of view was in the center of the aquarium and no data were collected from feeding events within 5 cm of the walls of the aquarium.
Feeding behavior -data analysis. Time codes were transferred to each video-recording using a time-code generator to determine the duration of each event during the foraging sequences. Using the image-analysis software OPTIMAS, positions of the prey, larval head, and larval tail were digitized frame-by-frame at an interval of 0.033 s throughout each foraging sequence. This produced a pair of coordinates (X,Y, from vertical; X, Z, from horizontal) for both the cod larvae and the prey item for each position. Three-dimensional displacements (distance, cm), and swimming speeds (cm s -1 ), were calculated and plotted using the numerical analysis program MATLAB. The minimum estimate of larval swimming speed in the 3-dimensional behavioral studies was 0.01 mm -1 . Analysis of feeding was restricted to events during pursuit and attack, which included all behaviors after perception. Pursuit was defined as the interval from perception to attack (Fig. 1) . Perception of the prey by Fig. 1 . Gadus morhua. Components of a pursuit and attack sequence by a cod larva feeding on a protozoan (Balanion sp.) or on a copepod nauplius (Pseudodiaptomus sp.); perception, pursuit, attack and capture a larva could be accurately determined by a sudden change in swimming direction and/or acceleration, followed by pursuit of prey. Perception distances were calculated from the distance between the position of the larva when it first perceived the prey and the position of the prey. Pursuit was composed of active swimming periods (bursts) and less active periods (glides) (see Hunt von Herbing & Gallager 2000) . From these, 6 specific variables were calculated: burst duration, distance and speed, and glide duration, distance and speed. Prior to attack, a larval cod would slow down and stop a short distance (attack distance) away from the prey, establishing a position for attack ( Fig. 1 ). Three attack variables were calculated between attack location and capture: attack duration, distance, and speed. Changes in head and tail displacement and speed that characterize burst-and-glide swimming during pursuit and the rapid acceleration at attack were treated as separate variables in the calculation of larval cod swimming speed, and were factored into the calculations of specific energy expenditure and total energy expenditure. Metabolic cost of swimming -experimental design. Specific metabolic rates during swimming were obtained from 37 respirometry experiments; these results were reported previously in Hunt von Herbing & Boutilier (1996) . Respirometry experiments were conducted at 10 ± 1°C. To estimate the energetics of swimming applicable to the present study, which involved larvae which ranged from 5 to 20 d post-hatch and were feeding externally, the yolk-larvae data included in Hunt von Herbing & Boutilier's study were removed, and the regression coefficient was recalculated for feeding larvae only. Details of the respirometry apparatus, experimental procedure and analysis of activity patterns are given in Hunt von Herbing & Boutilier (1996) .
Metabolic costs of swimming -data analysis. Data from respirometry experiments (see Hunt von Herbing & Boutilier 1996) provided estimates of mass-specific metabolic rates for time-averaged mean swimming speeds of larval cod ranging from 0.25 to 2.0 mm s -1 . Mean swimming speeds and mean mass-specific metabolic rates varied synchronously over the first 35 d after hatching (Fig. 2) .
The relationship between mass-specific oxygen uptake rates was positively correlated to swimming speed (Fig. 3) . A first-order linear regression of the following form was found to be the best fit for the data: R(u) = a + bu; r 2 adj = 0.61, p < 0.0005, n = 24 (1) where R equals the specific metabolic rate and u the swimming speed, a is the standard metabolic rate at rates from either the power function, exponential function or linear function were close to the recorded metabolic rates obtained from anaesthetized larval cod, which were 0.5 to 1.0 mg O 2 g -1 h -1 (Davenport & Lonning 1980) . At higher swimming speeds, estimates of specific metabolic rates from the exponential model resulted in unrealistically high values (16-fold greater than the highest rates ever recorded for Atlantic cod larvae (Laurence 1978 , Davenport & Lonning 1980 , Solberg & Tilseth 1984 . Thus, the exponential model was eliminated from any further analysis. Estimates of specific metabolic rate from the power function at high swimming speeds resulted in more realistic values (only 1 order of magnitude higher than those predicted by the linear function). To determine which of these 2 models (i.e. the power or linear model) best fit the data, a sensitivity analysis (the PRESS criterion) was calculated. The PRESS (prediction sum of squares) criterion is a measure of how well the use of the fitted values for a subset model can predict the observed responses of Y i (i.e. specific metabolic rates) (Neter et al. 1996) . Models with small PRESS values are considered good candidate models and have small prediction errors. The PRESS statistic for the power model was larger (PRESS = 192.5657) than the PRESS statistic for the linear model (PRESS = 181.5721). Based on the PRESS statistic the linear model was chosen as the best model for the data.
To indicate the degree of uncertainty of the linear model, 95% confidence intervals were calculated for the estimates of the slope for specific metabolic rates versus swim speeds for all 3 larval size classes. Predictions of metabolic rates for pursuit burst, pursuit glide, and attack swimming values were calculated. The predictions and standard errors were used to construct 95% confidence intervals (Student's critical value, t [0.975, df = 23] = 2.1). In this way, ranges of specific metabolic rates were obtained for pursuit, glide and attack components for all 3 larval size classes and provided levels of uncertainty in the linear model at the observed swimming speeds of prey pursuit. In the data set used to develop the equation, to estimate energy expenditure dry weights of larval fish ranged from 60 to 150 µg and lengths from 5 to 8 mm. Confidence intervals were also derived from the net energy gain equation to provide levels of uncertainty in the ranges of net energy gain for all larval size classes and the 2 prey types (see Table 2 ).
Metabolic costs of pursuit and attack and the net energy gain model. The net energy gained from the consumption of 1 prey item by a cod larva can be determined by using the net energy gain model. The net energy gain model used in the present study is a modification of traditional net energy gain models (e.g. Emlen 1966 , MacArthur & Pianka 1966 , Speakman 1986 ). The present model included pursuit burst speed, pursuit glide speed, and attack speed as separate variables to more closely approximate the swimming patterns during pursuit and attack of a prey item by a cod larva. The net energy gain (NEG) model is: (2) where E I equals total energy input, E E total energy expenditures (i.e. E E = E SE , mean dry wt), and T t the total time taken to acquire the number of prey eaten. Total mass-specific energy expenditures (E SE ) from perception to capture can be defined as the total massspecific metabolic cost spent in swimming during pursuit bursts and glides plus the total mass-specific metabolic cost spent swimming during attack (from attack location to capture; Fig. 1 ). E SE was calculated for each size class as:
where TBT equals total burst time, e b estimated swimming mass-specific metabolism during pursuit bursts, TGT the total glide time, e g the estimated standard mass-specific metabolism during pursuit glides, TAT the total attack time, and e a the estimated swimming mass-specific metabolism during attack. When a cod larva swam actively, using its tail for propulsion, i.e. during pursuit bursts and during attack, the specific metabolic rates were estimated using Eq.
(1) and swimming speeds during pursuit bursts attacks and mean dry mass for each larval size class. However, during glides when no active swimming occurred (the larva did not move forward by using its tail for propulsion), the mass-specific metabolic rate at zero swimming speed (e g ) was used to estimate specific metabolic rates during glides. Some assumptions of this model are: (1) that glide costs were based on estimates of standard metabolism (which may have underestimated the costs of this component since it was difficult to tell if the pectoral fins were moving even though the tail was not); (2) that specific dynamic action, SDA (or the cost of assimilation and digestion), did not affect the energy budget, (this assumption may not be true, but estimates of SDA for larval cod are presently unavailable to determine the proportion of aerobic scope taken up by SDA; larvae in both the behavioral and energetics experiments were not fed for 12 h prior to the experiments, so SDA from previous meals was not a factor); (3) that learning did not influence larvae, each strike being treated as a new occurrence. Furthermore, it should be noted that values of net energy gain and energy expenditure may be overestimates, since there was a ±1°C difference between the respirometry and observational studies.
To determine the total energy expenditure during capture of a protozoan (E I ), the number of prey ingested (1 prey item per prey capture event) was multiplied by the estimated total energy content of one Balanion sp. The energy content of a Balanion sp. prey item was estimated to be 0.3 mJ (Finlay & Uhlig 1981 , Putt & Stoecker 1989 , and that of 1 copepod nauplius to be 7.0 mJ (Lasker 1962 , Houde & Schekter 1983 .
RESULTS

Patterns of pursuit and attack of protozoans and copepod nauplii by larval cod
First-feeding Gadus morhua cod larvae readily pursued and captured protozoans (Balanion sp.), but did not capture copepod (Pseudodiaptomis sp.) nauplii. A pursuit, attack and capture sequence by a 5 d old cod larva on a protozoan is shown in Figs. 4a-c & 5a,b. The larva approached the protozoan slowly. and the protozoan did not attempt to escape but continued to slowly swim (Fig. 5a,b) . The larva slowed down at the attack distance, bent its tail into a J-posture, adjusted its position using its pectoral fins, and prepared to attack (Fig. 4b) . Attack and capture occurred rapidly with a concomitant rapid extension of the tail and opening of the mouth as the larva moved toward the prey (Fig. 4c) .
A pursuit, attack and a failed capture sequence of a 5 d old cod larva on a copepod nauplius is shown in Figs. 4d -f & 5c,d. The larva swam in a series of rapid bursts and glides (Fig. 5c ). It then slowed down and stopped, positioning itself and bending its tail into a J-posture for attack. Attack began at a greater distance from the nauplius (attack distance) than from the protozoan (Fig. 5c,d) . The nauplius exhibited a few small low-velocity movements (jumps), but in general stayed stationary as the larva prepared for attack (Fig. 5c) . As the larva began the attack, its tail extended and beat rapidly and its swimming velocity was high (Fig. 5c) . The nauplius detected the larva and responded by jumping away and escaping at a velocity more than twice that of the attacking larva (Fig. 5c) .
A total of 89 pursuits of protozoans by cod larvae were recorded. Of these, 61 pursuits and attacks were successful. Capture success increased with increasing larval size as follows: Size Class 1 = 62%, Size Class 2 = 68%, Size Class 3 = 75%. Increasing pursuit burst speed and decreasing burst duration led to faster and shorter pursuit sequences with increasing larval size (Table 1) . However, larger larvae began pursuit at greater distances from the prey item than smaller larvae (Table 1) . Similarly, larger larvae had significantly higher attack speeds than smaller larvae (Table 1).   206   Table 1 . Gadus morhua. Mean (± SE) duration, distance and speed for pursuit and attack variables in 3 size classes of larvae preying on a protozoan (Balanion sp.: from Hunt von Herbing & Gallager 2000) , and estimated mean (± SE) mass specific metabolic rates calculated from Eq. (1) and calculated 95% CI. 
Protozoan Nauplius
Glide duration and speed were not significantly different across larval size classes, although glide distance decreased with increasing larval size (Table 1 ). In the early stages of attack, cod larvae bent their tails into a J-posture at the attack distance prior to each capture event. However, with increasing larval size, the incidence of J-postures observed at the attack distance prior to capture decreased. In Size Class 3, cod larvae stopped at the attack distance for a very short time, attacked at high speeds (Table 1) , and rarely exhibited a J-posture prior to capturing a protozoan. A total of 20 pursuits of copepod nauplii by cod larvae were observed. Ten of these were by larvae belonging to the first size class and were unsuccessful. The first successful pursuits and attacks on copepod nauplii were by cod larvae of Size Class 2. The percentage of attacks on copepods (as a percentage of all attacks) increased from 19.6% in Size Class 1 to 23.0% in Size Class 2. Strikes on copepod nauplii occurred in Size Class 3, but were 2-dimensional (i.e. were in focus in only 1 camera view), and 3-dimensional distances and speeds could not be calculated. Comparisons of 3-dimensional larval cod pursuits and attacks on protozoans and copepod nauplii could only be made among cod larvae of Size Class 2.
The entire pursuit sequence by a cod larva in Size Class 2 of a nauplius occurred over a greater distance, but took less time than one on a protozoan (Table 1) . Mean total pursuit of a nauplius by a larva was a factor of 1.5 times greater than for a protozoan (i.e. larvae perceived nauplii from greater distances than protozoans). Attack distances were also 3 times greater for a nauplius than for a protozoan (i.e. a larva did not have to get as close to a nauplius as to a protozoan prior to capture) ( Table 1) . Larval pursuit burst and attack speeds were 3 to 1.5 times faster respectively with nauplii than with protozoans (Table 1) . Glide durations were shorter, distances longer and speeds faster during pursuit of nauplii than of protozoans (Table 1) . 
Specific metabolic rates of pursuit and attack
For larval cod in pursuit of protozoans, mean estimated specific metabolic rates for pursuit and attack increased with increasing swimming speed, and larval size and mean specific metabolic rates were higher during attack than pursuit (Table 1) . Mean estimated specific metabolic rates during attack were approximately double those of pursuit bursts across all size classes. Larval size affected specific metabolic rates, and were higher by a factor of 1.6 in Size Class 3 than in Size Class 1 for both pursuit burst and attack (Table 1) . Glide speed did not vary with larval size, and estimated specific metabolic rates remained constant. Mean estimated specific metabolic rates during pursuit bursts and attacks increased 20 to 40 times over those of glides in all size classes (Table 1) .
Overall mean predicted specific metabolic rates were lower for a larva preying upon a protozoan than on a nauplius (Table 1) . During pursuit a protozoan, mean predicted specific metabolic rates for bursts were onethird lower than those during pursuit of a nauplius (Table 1) . Similarly, mean predicted specific metabolic rates for attack of a protozoan were 1.3 times lower than for attack of a nauplius (Table 1 ). In addition, mean predicted specific metabolic rates for glides were also lower during pursuit of a protozoan than of a nauplius (Table 1) .
Ranges of predicted specific metabolic rates, calculated from 95% confidence intervals, are also shown in Table 1 . These ranges provided an estimate of the uncertainty in the linear model at the observed pursuit burst, pursuit glide and attack swimming speeds during pursuit of protozoans and nauplii by 3 size classes of larval cod.
Energy expenditures and net energy gain
Using Eq. (2), the parameters in Table 1 were used to calculate the total specific energy expenditure (E SE ) and the total energy expenditure (E E ) for larval cod pursuit and attack of both a protozoan and a nauplius.
During larval pursuit and attack of a protozoan, E SE and E E increased with increasing larval size (Table 2) , but the total time for pursuit decreased (Table 2) . Using the net energy gain model (Eq. 2), where input of energy (E I ) is the total energy content of the prey (1 protozoan or 1 nauplius), and total energy expenditure (E E ) was calculated (see Table 2 ), a net gain in energy was revealed for all larval size classes (Table 2) . Between Size Classes 1 and 3 there was a 19% increase in the net energy gained from the ingestion of a protozoan, with more than a doubling in mass and a 75% increase in total energy expenditure. The increase in the net energy gain with increasing larval size was due to 35% reduction in the pursuit time, which shortened the time over which energy was expended in pursuit (Table 2) .
Successful capture by a larval cod of a copepod nauplius first took place in Size Class 2. The total specific energy expenditure (E SE ), and total energy expenditure (E E ), were 27 and 30% lower respectively for pursuit, attack and capture of a protozoan than of a nauplius (Table 2) . While pursuit and attack by a larva of a protozoan required a smaller expenditure of energy than for a nauplius, the total time elapsed during pursuit and attack of a protozoan was 44% longer than that required for capture of a nauplius (Table 2) . Therefore, the net energy gain was 2 orders of magnitude greater for capture of a nauplius than for a protozoan.
DISCUSSION
This study is the first to estimate the relative swimming costs during feeding of a marine fish larva, Atlantic cod Gadus morhua, on 2 planktonic prey organisms, a protozoan (Balanion sp.) and a copepod nauplius (Pseudodiaptomus sp.). Our results indicate that (1) specific metabolic rates and specific energy 209 Table 2 . Gadus morhua. Estimates of energy expenditure and net energy gain (NEG) of larvae during pursuit and attack of a protozoan (Balanion sp.) and a copepod nauplius (Pseudodiaptomus sp.). Size Classes (SC) as in Table 1 . Dry wt: mean dry weight (± SE), E I : total energy input from prey, E E : total whole-body energy expenditure, E SE : total specific energy expenditures; T t : total time spent pursuing and attacking a prey item expenditure for pursuit components (both burst and glide) and attack increased with increasing larval size, (2) total energy expenditure during pursuit and attack increased with increasing larval size, and (3) net energy gain increased because total time (i.e. total time of pursuit + attack) decreased with increasing larvae size. Furthermore, results from the net energy gain equation indicated that (4) a cod larva gained 2 orders of magnitude more energy from a nauplius than from a protozoan, even though total larval energy expenditure, for the capture of a nauplius was 2 to 3 times that for a protozoan.
The model in the present study would seem to be an improvement upon previous models (e.g. Laurence 1977 , Houde & Schekter 1983 in estimating the metabolic costs of swimming during feeding, since each foraging component (e.g. pursuit burst, glide and attack) was included separately in the model. Previous models have only included average swimming speeds to estimate energy budgets (Laurence 1977 , Houde & Schekter 1983 , Houde 1989 , Werner et al. 1996 and describe foraging tactics (MacKenzie & Kiørboe (1995) . In those studies, metabolic rates were obtained from anesthetized larvae (Houde 1989) or from large numbers of larvae (10 to 20) swimming in small respirometer chambers (Houde & Schekter 1983 , Solberg & Tilseth 1984 , in which activity was neither monitored nor controlled (Laurence 1978) . Activity levels were assumed to represent routine metabolic rates and were considered to be constant throughout the foraging cycle. Mackenzie & Kiørboe (1995) used a combination of percent time spent swimming and mean swimming speeds to construct theoretical prey encounter models for 2 species of larval fish that differed in their foraging patterns, but did not go further to differentiate among foraging components (e.g. swimming speeds during pursuit vs attack). From the present study it is clear that different components of each foraging event require different expenditures of energy, e.g. swimming speeds during attack resulted in specific metabolic rates that were twice those in pursuit bursts. Since pursuit bursts were 3 times longer than attacks, the high specific metabolic rates were maintained for much shorter periods of time. The present energy expenditure model (Eq. 2) includes separate speeds and durations for each step in the foraging cycle and the number of components (e.g. number of bursts) per foraging event. In this way, the model presented in this study more closely describes the energy expended from perception to capture for each prey item than previous models, but is incomplete in that it does not include all steps of the foraging cycle and therefore would underestimate the true feeding costs.
The present model is open to criticism, particularly with respect to discrepancies between the velocities used in the respirometer studies and those observed in the behavioral study. MacKenzie & Kiørboe (1995) dealt with such differences in a study of cod larvae feeding on Acartia tonsa. Instantaneous swimming velocities of 14 and 16 mm s -1 were recorded for 5.6 mm (small) and 6.1 mm (large) cod larvae (MacKenzie & Kiørboe 1995 ) for small and large cod larvae were very close to time-averaged values actually observed by Solberg & Tilseth (1984) , Skiftesvik (1992) and recorded from a respirometry study (Hunt von Herbing & Boutilier 1996) . In the present study, our mean instantaneous pursuit speeds for each swimming event were 5.7, 5.6, and 9.4 mm s -1 for larvae of 6 to 7 mm (SC1), 7 to 8 mm (Size Class 2) and 8 to 9 mm (Size Class 3). Multiplying instantaneous velocities for pursuit bursts by burst frequency (burst frequency = number of bursts [ ) are also very close to those recorded by Solberg & Tilseth (1984) , Skiftesvik (1992) , and MacKenzie & Kiørboe (1995) . More importantly, these values are very close to the time-averaged swimming speeds in the relationship between specific metabolic rates and swimming speed (Fig. 3) used to estimate energy expenditures in the present study. Thus, we can be fairly confident in using the relationship between specific metabolic rates and time-averaged swimming speeds to predict specific metabolic rates of pursuit, glide and attack components. In conjunction with event duration and event frequency (Table 1) we can also calculate energy expenditures (Eq. 1) and net energy gain (Eq. 2) for a cod larva feeding on a protozoan and/or a copepod nauplius.
Metabolic rates for swimming fish larvae are very difficult to estimate, since it is difficult to force fish larvae to swim at controlled speeds (Kauffman 1990) . In studies of the swimming energetics of larval and juvenile fishes, relationships between specific metabolic rates and swimming speed have been described by an exponential function in salmon fry (Ivlev 1960a,b) , and larval coregonids (Dabrowski et al. 1986) , and by a power function in the roach Rutilits rutilus (Kauffman 1990) . Although exponential and power functions were fit to our metabolic and swimming speed data for cod larvae (Hunt von Herbing & Boutilier (1996) , a linear relationship proved to be the best fit. This relationship fitted the data over the slower swimming speeds of the larvae within the respirometer chamber, but may have underestimated the metabolic rates at higher speeds (i.e. during prey pursuit and attack), since metabolic rates level off at the highest speeds in juvenile and adult fishes, when anaerobic processes and the concomitant oxygen debt begin to contribute to total metabolism (Brett 1964 , Kauffman 1990 ). However, anaerobic processes are thought to constitute but a very small fraction of the total metabolism of larval fishes (Rombough 1988 , Wieser & Kauffman 1998 , and therefore a linear relationship between oxygen uptake and swimming speeds may be appropriate.
Both the exponential function used for salmon (Ivlev 1960a,b) and the power function used for roach larvae (Kauffman 1990) , may be applicable to larger larval fish which swim at faster speeds and inhabit inertial envionments (i.e. Reynolds number > 300: Fuiman & Batty 1997) . Both salmonid and roach larvae are an order magnitude larger than cod larvae at hatching (5 mg dry wt) for Salmo salar, 1.4 mg wet wt for Rutilus rutihis vs 0.06 mg dry wt for Gadus morhua). A rough calculation suggests that cod larvae swim mostly in viscous environments (i.e. Re <10 for glide speeds, 20 to 40 for burst speeds and 50 to 100 for attack speeds). However, since cod larvae do not swim continuously (continuous swimming is necessary to calculate Re number accurately: L. Fuiman pers. comm.), but in a burst and glide pattern, estimates of Re number are crude at best. It may be that the hydrodynamic principles that necessitate the use of power-performance relationships in inertial regimes such as those inhabited by the larger salmon, roach and bleak larvae may be different at low Re number regimes. The linear relationship between specific oxygen uptake and swimming speed used in the present study may be the best to date for very small fish larvae swimming in viscous regimes.
A further criticism of the present study is that we only estimated the cost of pursuit and attack and did not estimate search costs. In many studies search costs, which determine encounter rates, are considered to be one of the most important aspects of larval fish-feeding energetics (O'Brien et al. 1989 , Browman & O'Brien 1992a ,b, Mackenzie & Kiørboe 1995 . While this may be so, search costs are extremely difficult to estimate for larval fish. For golden shiner larvae, which are saltatory searchers, the amount of time spent in searching, which included swimming moves to new search space, increased with increasing larval size (mean swimming speed increased from 13.5 to 27.5 mm s -1 ) and represented at least 50% of the total foraging time (Browman & O'Brien 1992a,b) . This suggests that if search costs were included in the foraging models, total energy expenditures would be even higher and energy gain lower per ingested of prey item than calculated in the present study. First-feeding cod larvae (Size Class 1) may be constrained by morphology, whereas older larger cod larvae (Size Classes 2 and 3) may be limited by metabolic demands for prey capture. For first-feeding larval cod, protozoans provided sufficient net energy gain to offset the energy expenditure during pursuit and capture. Larval cod include copepod nauplii in their diet when the larvae are larger and have better developed feeding structures and mechanisms which provide greater capture ability and can generate faster swimming speeds in the pursuit of faster and larger prey (Hunt von Herbing & Gallager 2000) . Although, in our study, increases in swimming speed necessitated increased energy expenditure, the specific energy expenditure per feeding event decreased. This decrease in metabolic cost was due to shorter total pursuit and attack durations, so that although larval cod were swimming faster they were also swimming for a shorter time and over a shorter distance. This resulted in a decrease in the total metabolic cost for each feeding event with increasing in larval size. These results suggest that changes in foraging parameters throughout the various larval stages may affect energy balances and thus growth and mortality rates during the early life history of cod larvae.
